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1. INTRODUCTION
The mechanical properties of crystalline materials,
in particular metal ones, depend on how these materials
are produced. It is known that the transition of the melt
into a homogeneous structural state, which takes place
by heating it to a temperature specific to each composi
tion, as well as increasing the cooling rate of the liquid
metal and introducing alloying elements into it, affects
the mechanical properties of the ingot [1]. In particular,
we have shown that the heat treatment of Al–Si melts,
which provides a transition of the melt into a homoge
neous structural state, leads to an increase in the plastic
ity of the cast metal 10–15 times and the strength, by
30–80% [2]. We know that the transition of a liquid
metal into a homogeneous structural state by heating to
a desired temperature changes the microhardness of the
phases of the ingot during subsequent cooling and solid
ification [1]. The relationship between the microhard
ness and other mechanical properties should be noted.
In fact, indentation and scratch hardness tests can pro
vide almost the same information about the properties
of metals as tension does [3]. We do not know of studies
on the influence of the production technique of an ingot
on its Young’s modulus, plasticity, and the 0.2 offset
yield strength of its phases. The dependence of the
mechanical characteristics of the ingot on those of its
phases is poorly understood, since it requires mechani
cal testing in microvolumes.
The nanoindentation method makes it possible to
conduct mechanical tests in microvolumes and to
experimentally determine the Young’s modulus Е and
the hardness Н of individual phases of the ingot [4].
The nanoindentation method is based on the mea
surement and analysis of the dependence of the sur
face indentation load P on the indenter penetration
depth h. This method is nondestructive and allows one
to correctly measure the Young’s modulus in the range
of absolute values of 50–1000 GPa. The minimum size
of an area where measurements are carried out is on
the order of 200 nm.
Al–Sn alloys are known for their antifriction prop
erties and meet the Charpy principle [9], they are used
as a material for the manufacture of bearings and slid
ing supports. The aim of this work is to measure the
Young’s modulus and the hardness of the phases of the
Al–50 wt % Sn cast alloy. The experimental Young’s
modulus values of the Al–50 wt % Sn phases present
in a tin solid solution in aluminum and eutectic will
allow us to estimate the compressibility of the ingot,
which is important for choosing a manufacturing
method.
2. EXPERIMENTAL 
The phase diagram of the Al–Sn system is of eutec
tic type. Al–Sn alloys are characterized by a tendency
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to separate into two phases, i.e., tin solution in alumi
num and eutectic. The eutectic point occurs at a con
tent of 97.8 at % Sn at 228.3°С [5, 6]. The microstruc
ture of the Al–50 wt % Sn (18.5 at % Sn) alloy includes
dendritic αsolidsolution grains surrounded by
eutectic Sn–Al layers (Fig. 1).
Samples to be investigated were obtained in various
ways: a traditional one, a transition of the melt into a
homogeneous structural state by heating to a certain
temperature, followed by cooling using an order
greater cooling rate, and the addition of 0.06 wt % Ti
and 1 wt % Zr to the binary alloy. Previously, it was estab
lished from viscometric tests that the Al–50 wt % Sn melt
must be heated above 950°С [7, 8] in order to make it
pass into a homogeneous structural state. Tradition
ally, the heating temperature of the Al–50 wt % Sn
melt does not exceed 700°С and its cooling rate in
solidification is about 0.1 K/s. In this research, we
increased the heating temperature of the melt to
1150°С and the cooling rate of the metal to 4 K/s. The
studies were conducted to study the influences of the
production technique on the mechanical properties of
the individual phases of the ingot.
The Al–50 wt % Sn samples were melted from pure
tin of OVCh000 grade and aluminum of A999 grade in
laboratory conditions. Before the Young’s modulus
and hardness tests, sample surfaces were first mechan
ically polished and then electrochemically treated to
minimize a roughness height to ~10 nm.
The Young’s modulus and hardness of the Al–
50 wt % Sn alloy phases were measured using an
NTEGRA Probe Laboratory nanosclerometric mod
ule (NTMDT, Zelenograd, Russia). The measure
ments were carried out under load ramp, with con
tinuous loading at room temperature. The indenter
imprints were analyzed to determine the Meyer
hardness HM (GPa) and the Young’s modulus Е
(GPa) of the phases of the ingot that are a tin solid
solution in aluminum and eutectic. The elastic
component of strain was estimated by the formula
 where hm is the maximum depth
of indentation and hf is the impression depth after
unloading. An analysis of the imprints was carried out
when selecting the parameters of the power function.
The function describes the experimental dependence
of the depth of indentation on the applied load and the
dependence of the contact area on the applied load.
The Young’s modulus measurement method, which is
implemented in the nanosclerometric module of the
NTEGRA Probe Nanolaboratory, is based on the use
of a piezoresonance probe sensor with a fork construc
tion with high bending resistance (∼104 N/m), which
allows one to use probes with 1000 times more rigidity
than regular AFM probes. In the context of the
method, it is possible to map the surface distribution of
the elasticity modulus, i.e., to obtain images for which
the contrast is based on differences in the local
0
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Young’s modulus E. The original design and operation
of the probe makes it possible to distinguish the tough
and elastic components of the interaction forces
between the probe tip and a surface. This feature
allows one to indicate a solid surface beneath a viscous
adsorbed layer and perform measurements in open air
without any special preparation of the sample.
Before the indentation, a selected area of the sam
ple surface was scanned to ensure that the sample sur
face was smooth and no defects would affect the mea
surements and choose the imprint location. The load
applied to the indenter increased monotonically from
0.25 to 2.50 mN. The indentation resulted in the
dependence of the applied load on the probe coordi
nates for each imprint. The nanosclerometric module
was calibrated using a plate that was manufactured from
fused silica with known values of the Young modulus and
hardness. In the experiments, a Probe BS10NOVA
probe was used, in which a Berkovich diamond trian
gular prism served as the working part. The indenter
imprints were measured via the results of scSPM
(semicontact scanning probe microscopy). The
Young’s modulus and hardness of the phases were
determined after 15 measurements. Measurement
errors were estimated by conventional methods [10] at
a confidence probability of 95%.
The crystal structure and elemental composition of
the phases were examined by conventional metallog
raphy methods using an Auriga CrossBeam worksta
tion. A focused ion beam was used for additional sam
ple preparation and Xray microanalysis (EDS) to
determine the elemental phase composition. The
etching mode of the surface of the samples was 30 kV,
16 nA, and τ = 2 min. The investigations were per
formed in the Morden Nanotechnologies Center for
Collective Use of the Institute of Natural Sciences of
Ural Federal University.
20 μm
Fig. 1. Microstructure of Al–50 wt % Sn alloy. Sample was
prepared at an elevated heating temperature of 1150°C and
the cooling rate vcool = 0.2 K/s.
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3. RESULTS
The measured results of the Young’s modulus and
the hardness of the Al–50% Sn phases are summarized
in the table. It was found that the transition of the melt
into a homogeneous structural state by heating up to
1150°С with subsequent cooling and solidification at a
rate vcool = 0.2 K/s has a significant impact on the
Young’s modulus value Е of both an Sn solid solution
in Al and the eutectic. The Young’s modulus values for
the α solution decreased by 30% and that for the
eutectic decreased by 44%; i.e., the Young’s moduli of
the phases differ from each other by 12%, rather than
42%. The hardness of the Sn solid solution in Al
decreased by 13% and the hardness of the eutectic
remained almost the same. It should be noted that the
formation of coarser αsolution dendrites (Fig. 2) dur
ing solidification is characteristic of the Al–50 wt % Sn
alloy heated in the liquid state up to 1150°С.
An increase in the cooling rate of the metal by an
order of magnitude during solidification had almost
no effect on the Young’s modulus and hardness values
of the phases, although significantly changed the
microstructure of the alloy: the characteristic αsolu
tion dendrite size decreased by about half at their con
stant volume fraction and the structure became finer
(Fig. 2).
For the transition of the melt into a homogeneous
structural state, the combination of heating to 1150°С
and a high rate of cooling during solidification
enhanced the above effect, which consisted in reduc
ing the Young’s moduli of both phases against a back
ground of a slight increase in their hardnesses. The
Young’s modulus value of the α solution decreased by
48% and that of the eutectic by 53%. The characteris
tic size of α solution dendrites did not change as the
heating temperature of the liquid metal increased to
1150°С (Fig. 2).
The introduction of 0.06 wt % Ti into the liquid
metal at vcool = 4 K/s and a heating temperature of the
melt Тh = 1150°С hardly changed the Young’s modu
lus and hardness of the α solution dendrites, but it
reduced the Young’s modulus of the eutectic by 41%
(as compared to a sample obtained at Тh = 700°С and
vcool = 0.2 K/s). In this case, the largest fraction of the
elastic component r = 14% is characteristic of the Sn
solid solution in Al. The characteristic size of α solid
solution dendrites changed insignificantly.
The introduction of 1 wt % Zr into the liquid metal
at vcool = 4 K/s and the heating temperature of the
melt Тh = 1150°C changed the Young’s modulus and
hardness of both α solution and eutectic most signifi
cantly. In comparison with the sample obtained at
Тh = 700°C and vcool = 0.2 K/s, the Young’s modulus
of the solid solution of Sn in Al decreased by 43% and
the eutectic decreased by 64%, while the hardness of
the α solution decreased by 14% and the hardness of
the eutectic increased by 14%. In this case, the differ
ence between the values of the Young’s modulus and
hardness of the phases is only 10%. One should note
that the fraction of the elastic component of a local
strain is almost the same, i.e., 8%, for both phases. The
characteristic size of αsolidsolution dendrites
changed slightly as compared to the sample obtained
at Тh = 700°C and vcool = 0.2 K/s (Fig. 2).
The Xray microanalysis (EDS) study of the ele
mental phase composition of Al–50 wt % Sn samples
obtained in different ways showed the presence of alu
minum in the amount of 1 wt % in the eutectic (tradi
tional way), 0.5 wt % (melt transition into a homoge
neous state), and 0.2 wt % (the addition of titanium).
The combination of the transition of the melt into a
homogeneous state with an increased rate of cooling in
solidification did not change the elemental composi
tion of the eutectic. The Alα phase of the sample
doped with titanium contains Ti in an increased
amount relative to the alloy matrix. No titanium was
detected in the eutectic interlayers.
Using electron backscattered diffraction (EBSD),
the study of the crystal structure of Alα dendrites in
Al–50 wt % Sn samples prepared traditionally and via
the transition of the melt to a homogeneous state has
shown that they have a subgrain structure. Several sub
grains have a size of about one micron. The compara
tive analysis of histograms of angle misorientations
revealed a large number of largeangle boundaries for
Young's modulus and hardness of phases of Al–50 wt % Sn alloy 
Production technique of a sample
Eutectic Sn solid solution in Al
r, % E, GPa H, GPa r, % E, GPa HM, GPa
Th = 700°C vcool = 0.2 K/s – 97.93 ± 4.93 0.51 ± 0.06 3.3 68.88 ± 5.10 0.73 ± 0.07
Th = 1150°C vcool = 0.2 K/s 0.8 55.37 ± 1.81 0.52 ± 0.04 6.8 49.24 ± 3.01 0.62 ± 0.03
Th= 700°C vcool = 4 K/s – 100.73 ± 4.19 0.56 ± 0.01 3.7 68.89 ± 1.10 0.66 ± 0.02
Th= 1150°C vcool = 4 K/s 2.3 45.22 ± 1.61 0.65 ± 0.02 7.6 36.56 ± 0.47 0.69 ± 0.03
Th = 1150°C vcool = 4 K/s
Al–50 wt % Sn–0.06 wt % Ti
– 57.26 ± 3.10 0.55 ± 0.06 13.7 68.57 ± 11.59 0.73 ± 0.07
Th= 1150°C vcool = 4 K/s
Al–50 wt % Sn–1 wt % Zr
7.6 35.31 ± 5.93 0.57 ± 0.05 7.8 39.28 ± 1.76 0.63 ± 0.06
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100 μm 100 μm
100 μm 100 μm
100 μm100 μm
Th = 700°C vcool = 0.2 K/s
Al–50 wt % Sn
Th = 1150°C vcool = 0.2 K/s
Al–50 wt % Sn
Th = 700°C vcool = 4 K/s
Al–50 wt % Sn
Th = 1150°C vcool = 4 K/s
Al–50 wt % Sn
Th = 1150°C vcool = 4 K/s
Al–50 wt % Sn–0.06 wt % Ti
Th = 1150°C vcool = 4 K/s
Al–50 wt % Sn–1 wt % Zr
Fig. 2. Microstructures of the Al–50 wt % Sn alloys produced in different ways.
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the sample obtained traditionally and almost all low
angle boundaries and the high texture state of the
material for the sample prepared via the transition of
the melt into a homogeneous state.
Additionally, the strain regimes of the individual
phases were studied based on the results of mechanical
tests in submicron volumes (nanoindentation) using
the load–depth curves (P–h); in particular, we
observed a transition from the stable to unstable plastic
flow. Al–Sn alloys are classic examples of materials
that may exhibit various modes of instability of plastic
flow during deformation, in particular the Portevin–
Le Chatelier effect [11]. Under the investigation of the
traditionally produced alloy, the P–h chart for the
α solution showed the firstorder steps under loading
[11]. Firstorder steps on the P–h chart were also
observed when loading the eutectic in all samples
except one containing Ti. The firstorder random steps
seem to appear due to the formation and evolution of
slip bands.
4. DISCUSSION
We have estimated the resulting mechanical
stresses, which are dictated by the twophase state of
the Al–50 wt % Sn sample (Fig. 1), i.e., eutectic and
αAl. There is an additional pressure caused by the
difference in the elastic moduli between the matrix
and inclusions during the deformation of the two
phase sample as follows:
where   λ = c12 and
μ = c44 are the Lame parameters for a cubic lattice;
R is the radius of an inclusion; and F is the external
force. The index “0” refers to the characteristics of the
inclusion [12].
The calculations have shown that the extra pressure
caused by the difference in the elastic moduli between
the matrix and inclusions in the alloy prepared by the
melt transition into a homogeneous structural state is
nine times lower than that in the alloy prepared by the
traditional method. On the contrary, an increase in the
cooling rate to 4 K/s raises the additional pressure by a
factor of 6.5. The same situation is observed, even after
preliminary melt transition into a homogeneous struc
tural state, i.e., a 4.6fold pressure increase. The addi
tion of titanium somehow improves the situation, i.e.,
the additional pressure decreases 1.5 times as com
pared to the sample prepared traditionally, and 3 times
when alloying the sample with zirconium. We suggest
that this additional pressure caused the destruction of
samples during rolling [13]. Previously, we found that
the transition of the Al–50 wt % Sn melt into a homo
geneous structural state using heating to 950°С, fol
lowed by cooling and solidification, eliminates the
0
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metal layering in watercooled rolling. In [13], the
above impact of the transition of the Al–50 wt % Sn
melt into a homogeneous structural state to improve the
workability of the ingot by pressure was explained by
changes in the morphology of phases. It has been noted
that this melt transition leads to a significant change in
the solidification process and results in the formation of
a microstructure similar to a modified one [1].
The logical question concerning the nature of the
relationship between the change in the Young’s mod
ulus of the phases and the melt transition into a homo
geneous structural state arises. According to [1], the
transition of the melt into a homogeneous structural
state can lead to the supersaturation of an α solid solu
tion with tin.
We know from [14, 15] that a change in the Young’s
modulus during alloying is caused by the electronic
and size factors. A tin dopant reduces the concentra
tion of electrons in the lattice of the base metal, alumi
num [5] and, hence, reduces the kinetic energy of itin
erant electrons. A reduction in the kinetic energy of
electrons as compared to the whole crystal energy
should be accompanied by an increase in interatomic
bonds. i.e., an increase in bonding strength. The
atomic radius of tin is significantly larger than that of
aluminum, which leads to the local deformation of the
crystal lattice. Atoms of the matrix will be closer to
each other in at least the first two coordination spheres
as compared to those in the undeformed crystal. This
leads to the appearance of local pressure, which causes
an increase in the Debye temperature and elastic mod
ulus. We know the relationship between bonding
strength (elastic constants с11, с12, and с44 for crystals of
cubic symmetry) and the fraction of the kinetic energy
of itinerant electrons in the overall energy balance
[14, 15]. The substitution of tin atoms for aluminum
atoms in the α solution leads to an increase in the elas
tic moduli с11, с12, and с44 and, correspondingly, to an
increase in the Young’s modulus of the αaluminum sin
gle crystal Е = {с44(3c12 + 2c44)}/(с12 + с44). The experi
ment has shown that the transition of the Al–50 wt % Sn
melt into a homogeneous state causes a decrease in
Young’s modulus of the solid phases of the alloy, which
indicates the absence of the phenomenon of supersat
uration of αaluminum solid solution with tin. Xray
microanalysis (EDS) study of the elemental composi
tion of the Al–50 wt% Sn phases also showed no
supersaturation of the α solid solution with tin.
Following [1], the melt transition into a homoge
neous structural state can also lead to a change in the
characteristics of the subgrain structure of αsolid
solution dendrites. The impact of crystallite orienta
tions on the interatomic distance changes the Young’s
modulus [14, 15]. According to [14], the presence of
only an αaluminum subgrain structure may change
the Young’s modulus by more than 10%. Thus, this
factor can not stimulate significant changes in Е simi
lar to those reported in this study (see the table).
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The authors suggest that grain boundaries and tri
ple junctions play a decisive role in the change of the
Young’s modulus of the αsolidsolution dendrites
and eutectic. In this case, a large fraction of atoms is
found at a location other than their normal position in
the crystal lattice; the volume fraction of grain bound
aries, nearboundary volumes, and triple junctions
increases as the subgrain size decreases [16]. For
example, according to Mughrabi’s composite model
[17], the Young modulus can be decreased by increas
ing the volume fraction of intergranular space, includ
ing grain boundaries and triple junctions, the mechan
ical properties of which are different from those of a
grain body. In addition, a decrease in grain sizes
increases the proportion of the free volume within the
grain boundaries, nearboundary regions, and triple
junctions, which is accompanied by a weakening of the
atomic bonds in the material. The studies [18–19]
suggest a decrease in the strength of microcrystalline
materials with decreasing sample thickness below a
certain value depending on the crystallite sizes. It was
found that, if the ratio of the transverse sample size to
the grain size is less than three, then there is a mini
mum on a yield strength–sample size curve. The min
imum is a result of growth in the number of nearsur
face grains, which have little resistance to plastic
deformation due to the dislocation outflow through
the external sample surface [18–19]. The characteris
tics of grain boundaries must have a significant effect
on the experimental results, taking into consideration
the fact that the imprint size in our nanoindentation
tests is about 1–2 mm and corresponds in size to the
size of subgrains. Attention is drawn to the fact that the
transition of the melt to a homogeneous state upon
cooling and solidification has resulted in that almost
all boundaries of αAl subgrains are found to be low
angle and have a significantly higher texture state of
the material. Dendrites in the αAl sample obtained
via the transition of the melt to a homogeneous state
are similar to single crystals with lowangle bound
aries. Thus, the change in Young’s modulus of the Al–
50 wt % Sn phases formed during the transition of the
melt to a homogeneous structural state can be
explained by the change in subgrain structure. In par
ticular, the transition of Al–50 wt % Sn into a homo
geneous structural state via cooling and solidification
leads to the formation of the high texturing structure
with αAl dendrites, where all of the subgrain bound
aries are lowangle.
Let us separately discuss the findings on the effect
of the production method of the Al–50 wt % Sn alloys
on the hardness of αAl and eutectic phases. In the
Oliver and Farr method, we used Meyer hardness HM,
which is the average contact pressure to an indenter–
sample surface and well agrees with the flow stress
[21–23]. The measured hardness of the phase constit
uents of the Al–50 wt % Sn alloy is consistent with
data of the authors of [24].
A crucial point in the discussion of the measure
ment of Young’s modulus and hardness by the Oliver
and Farr method is the correlation between the values
of these properties. Taking into account the analysis
from [23] and using the relationship between с11, с12,
and с44 elastic moduli and the Young’s modulus for fcc
crystals in the harmonic approximation [25], it is easy
to obtain the calibration dependence between indica
tors of the indentation chart and mechanical proper
ties of the material in the form of the indentation
equation  The equation suggests that the
more elastic the recovery r, the lower the hardness.
Thus, the values of HM and r are in agreement with
each other. The analysis of the experimental results
listed in the table shows that this relationship holds.
5. CONCLUSIONS
(1) The Young’s modulus and hardness of the struc
tural constituents of Al–50 wt % Sn (18.5 at % Sn) alloys
(the tin solid solution in aluminum and eutectic) pro
duced by different techniques were measured using the
nanoindentation method. The effect of the melt
homogeneity degree prior to solidification, of the
cooling rate of the metal, and of titanium and zirco
nium additives on the Young’s modulus and hardness
values of the phases was studied.
(2) The most significant decrease in the Young’s
modulus of the Al–50 wt % Sn phases was found to be
after the melt transition into a homogeneous state via
heating to temperatures above 950°C and the intro
duction of Zr into the melt.
(3) The calculation has shown that the extra pres
sure caused by the difference in the Young’s moduli of
the α solid solution and eutectic for the Al–50 wt % Sn
alloy passed into a homogeneous structural state from
the melt is nine times lower than that for a traditionally
prepared alloy. On the contrary, an increase in the
cooling rate of the metal from 0.2 to 4 K/s during
solidification leads to an additional increase in pres
sure by the factor of 6.5. An increase in the additional
pressure by 4.6 times is observed if the production
technique of the Al–50 wt % Sn ingot includes both
transition into a homogeneous structural state and an
increase in the cooling rate. Titanium and zirconium
additives reduce the pressure but insignificantly. It is
the extra pressure that is the cause of the destruction of
Al–50 wt % Sn alloys in rolling.
(4) The transition of the Al–50 wt % Sn melt into a
homogeneous structural state leads to a significant
change in the solidification process and microstruc
ture formation of the ingot with other mechanical
characteristics of its phases. The changed Young’s
modulus and hardness values of the α solid solution is
experimentally shown to agree with its changed crystal
structure. Despite the traditional method of produc
tion, where the ingot contains a large number of large
( )1 1 .HM r≈ −
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angle boundaries, the transition of the melt into a
homogeneous structural state results in the formation
of lowangle boundaries and higher texture state of the
material.
(5) The transition of the Al–50 wt % Sn melt into a
homogeneous structural state via heating to a temper
ature above 950°С is the most promising way to
improve the workability of the ingot by pressure.
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